Density functional theory calculations were carried out to investigate the formation mechanism of the thymine-thymine (6-4) dimer ((6-4)TT), which is one of the main DNA lesions induced by ultraviolet radiation and is closely related to skin cancers. The DNA backbone was found to have nonnegligible effects on the triplet reaction pathway, particularly the reaction steps involving substantial base rotations. The mechanism for the isomerization from (6-4)TT to its Dewar valence isomer (DewarTT) was also explored, confirming the necessity of absorbing a second photon. In addition, the solvation effects were examined and showed considerable influence on the potential energy surface.
Introduction
Excessive exposure to ultraviolet (UV) solar radiation can cause DNA damage in skin cells that may lead to skin cancers including melanoma [1] . The current research shows that UV radiation initiates the formation of two classes of DNA lesions: cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4) photoproducts ((6-4)PPs), and their Dewar valence isomers (DewarPPs) (Scheme 1) [2] [3] [4] [5] . These cytotoxic, mutagenic, and carcinogenic DNA photoproducts are considered to be the main causes of skin cancer [2-4, 6, 7] . While the mechanism of CPD formation has been intensively studied both experimentally [8] [9] [10] [11] [12] [13] [14] and theoretically [15] [16] [17] [18] [19] , the reaction pathway for the formation of (6-4)PP [13, [20] [21] [22] [23] [24] [25] [26] or DewarPP [22, [27] [28] [29] [30] [31] remains elusive. The PPs are currently believed to be initiated by a [2 + 2] cycloaddition of the C5=C6 double bond of a 5′ base (e.g., thymine) with the C4 carbonyl group of the neighboring 3′ base, forming an oxetane intermediate. The subsequent ring opening and proton (H3') transfer reactions then lead to the (6-4)PP photoproducts. Upon exposure to UV-A/B light (280-360 nm), the (6-4) lesions could rearrange to form DewarPPs [32] and could be converted back to PPs at 240 nm [33] (Scheme 1).
Although DNA bases have strong UV absorption, DNA is intrinsically photo-stable and the efficiency of photolesion formation is less than 1% [21] . Most excited states undergo relaxation back to the ground state through various pathways, such as internal conversion (IC) and intersystem crossing (ISC) [21, 34] . The ISC leads to the population of low-lying triplet excited states. Despite a low quantum yield of formation, the longer-lived triplet states are of paramount importance in the study of DNA photodamage [11, 18, 34, 35] . Recently, Yang et al. reported a density functional theory (DFT) study on the mechanism of thymine-thymine (6-4) dimer ((6-4)TT) formation on the lowest-lying triplet excited-state surface, as well as the interaction between the lowest-lying triplet and singlet states [24] . A stepwise pathway was predicted on the triplet potential energy surface This paper belongs to the Topical Collection Tim Clark 70th Birthday Festschrift Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00894-018-3863-9) contains supplementary material, which is available to authorized users.
(PES). However, neglect of the influence from the DNA backbone and the complementary strand may bring inaccuracies to the result. In this paper, we aim to investigate the effect of DNA backbone on the triplet mechanism of (6-4)TT dimer formation. The biggest discrepancy comes from the proton transfer reaction in the last step, which is subjected to a considerable energy barrier (15.8 kcal mol −1 ) in our calculations, whereas it was previously predicted to be barrierless [24] . Our findings thus demonstrate the importance of backbone effect in the study of DNA photochemistry. In addition, we predicted the energy profile for the isomerization between (6-4)TT and its Dewar valence isomer (DewarTT), confirming that a second photon is needed to surmount the huge energy barrier.
Computational details
A model containing two thymines connected by a truncated sugar-phosphate backbone capped by hydrogen atoms (Fig. 1 ) was used to investigate the (6-4)TT lesion formation reaction. The thymines in the 5′ or 3′ end were represented as T and T', respectively (Fig. 1) . The initial structures for the reactant (normal thymines) and product (thymine dimer) were built by cutting the atoms needed in the model from crystal structures of DNA photolyase with a (6-4)TT lesion after (PDB code: 3CVY [36]) and before repair (PDB code: 3CVU [36]), respectively. All the geometry optimizations were carried out at the (U)M06-2X/def2-SVP level of theory with no constraints. The obtained stationary points were characterized by frequency calculations. The M06-2X density functional has been shown to work well for noncovalent interactions [37] , such as the DNA interbase interaction in our case, and the def2-SVP basis set is a robust choice for explorative structure optimizations considering the computational cost [38] . The IEFPCM model [39] was adopted to consider solvation effects. Besides using the solvent with ε = 4.3 that simulates the apolar surroundings of the thymines, we also investigated the case with water (ε = 78.4) as the solvent, as our model involves the DNA backbone, which is exposed in an aqueous solution in physiological conditions. The crossing point (CP) was obtained with the minimum energy crossing point (MECP) method [40] as implemented in the sobMECP program [41] , considering the interaction between the triplet diradical state and the singlet diradical state. The singlepoint energies and Mulliken spin densities were calculated at the optimized geometries at the M06-2X/def2-TZVPP level, and were used for comparison with ref [24] . The zero-point vibrational energy (ZPE) corrections were not included in the PES calculations in order to compare energy with the crossing point (CP), which was obtained by the MECP method involving no ZPE corrections. All calculations were performed with the Gaussian 09 program suite [42] .
Results and discussion
The triplet reaction pathway from normal thymines (R1) to (6-4)TT (P1), along with the optimized structures, is shown in Scheme 2 and Fig. 2 . Firstly, O4' in T' approaches C5 and forms the diradical intermediate I1, in which the C5-O4' bond is formed (d C5-O4' = 1.469 Å) and the distance between C6 and C4' significantly shortens to 2.845 Å compared to 3.633 Å in R1. Meanwhile, the C5-C6 bond shortens slightly (Δd = 0.012 Å), while the C4'-O4' elongates considerably by 0.139 Å. In the next step, the C6-C4' single bond is formed (d C6-C4' = 1.585 Å) via TS2, resulting in the oxetane intermediate I2. Subsequently, the C4-O4' bond breaks and the oxetane ring opens, accompanied by the proton transfer from N3' to O4'. The final product P1 features a C6-C4' σ-bond (1.518 Å) and a buckled thymine ring (T, d C5-C6 = 1.547 Å) with an extra hydroxyl group. These structures are generally analogous to those obtained with the simplified model [24] , but the torsion angles between the two thymines may exhibit greater differences. We cannot make a further comparison as the detailed geometric parameters were not provided in ref [24] .
As displayed in Fig. 3 , the energy profile of the above stepwise reaction shows significant difference from that reported in ref [24] . The energy barrier for the first step (18.2 kcal mol for the proton transfer reaction (ΔE PT , I2 to P1 via TS3), which was previously predicted as barrierless. This is probably due to the constraint originating from the backbone, as the proton transfer process involves dramatic rotation of both thymines. The existence of the backbone confines free rotation of Scheme 1 A molecular scheme of DNA photodamage induced by UV radiation. The reaction center is highlighted in red and the sugar-phosphate backbone is not displayed for clarity. The thymine-thymine (6-4) dimer is used here as an example of DNA lesions the bases. To further verify this hypothesis, we removed the sugar-phosphate backbone from the optimized structures of I2, TS3, and P1, and carried out further geometry optimizations at UB3LYP/6-31G(d,p). The structures reported in ref [24] were reproduced for I2 and P1, but a different TS3 with even lower energy was obtained (Fig. S1 ). The ΔE PT in this case was calculated to be −2.8 kcal mol −1 and thus features a similar barrierless intramolecular proton transfer. Therefore, the geometric constraint caused by the backbone should be the main reason that leads to the discrepancy in ΔE PT values. Similar to the previous work [24] , ). Therefore, we also investigated the interaction between triplet and singlet diradical states close to I1 to product Fig. 1 The models for the a reactant and b product used in this paper, with either two normal thymines or a thymine dimer. The 5′ and 3′ thymines are denoted as T and T', respectively Fig. 2 Optimized structures along the triplet pathway for (6-4)TT formation with selected bond lengths (Å). The thymines and sugar-phosphate backbone are displayed as tube and ball-andstick representations respectively for clearer view probe the possibility of ring closure via the singlet reaction channel. The MECP method was adopted to locate the spin crossover point (CP), which is only 1.0 kcal mol −1 higher in energy than I1 and could be facilely reached. CP is close to I1 in structure ( Fig. S1a ) with all atom positional root-meansquare deviation (RMSD) < 0.19 Å (Fig. S1b) . A similar oxetane intermediate SI2 (Fig. 4) is formed after the crossing point along the singlet pathway, and this process is highly exothermic (ΔE = −46.2 kcal mol
−1
). The formation of the final (6-4)TT product (SP1) is subjected to an energy barrier of 17.9 kcal mol −1 , which involves significant geometric changes, such as ring opening of the oxetane moiety and the stretching of the C6-C5 bond (STS3, Fig. 4) . Therefore, the singlet-triplet coupling via ISC circumvents the prohibitively high energy barrier in the triplet PES (I1 to I2) and makes the triplet mechanism possible.
As (6-4)TT could be converted to its valence isomer DewarTT (D1) at 313 nm [33] , we continued our PES study and mapped out possible pathways to further understand this isomerization process. As shown in Scheme 3, we considered a transition state (TS4) with a buckled thymine (T'), in which N3' and C6' are approaching each other. The energy profile and the corresponding structures for both singlet and triplet routes are provided in Figs. 3 and 5, respectively. While both have rather high reaction barriers, the triplet channel displays a lower value (60.9 kcal mol −1 ) compared to that of the singlet pathway (91.8 kcal mol
). As the above result supports SP1 to be the final product of (6-4)TT formation reaction, we suggest that the DewarTT could be formed via the singlet pathway by absorbing a second photon with λ max of 311 nm (~92 kcal mol −1 ), which is consistent with the experiment [33] . It is worth mentioning that the system needs to be excited from the ground-state singlet species to the triplet state R1 as the initial reactant via ISC. When looking into the geometry of R1, we found the 5′ thymine (T) manifests a slightly buckled structure (Fig. 2) with an elongation of the C6-C5 bond (1.498 Å) and C4-O4 bond (1.224 Å), while the other thymine (T') remains a normal planar structure. As a result, the spin densities of R1 mainly (98% of total) reside on T, with substantial localization on C5 (0.80), C6 (0.80), and O4 (0.21). As shown in Fig. 6 , the spin densities gradually transfer from T to T', which is consistent with that reported in ref [24] . Summing up the total spin densities separately (Table 1) , we find they are almost exclusively localized on the thymines (> 97%), with negligible distribution on the backbone (< 3%). Thus, the backbone should influence the lesion formation reaction mainly via geometric constraint effect with insignificant electronic contribution.
In the previous study using a model containing no backbone [24] , bulk solvation with ε = 4.3 was used to mimic the apolar environment and only marginal influence on the energy barrier was found due to the solvation effects. Since the sugarphosphate backbone in our model is exposed in an aqueous solution in physiological conditions, we also computed the PES with water (ε = 78.4) as the solvent. As shown in Table 2 , in the case of ε = 4.3, solvation effects cause a big increase in the relative energy of TS3 (5.3 kcal mol ), while the energy change is less than 1.5 kcal mol −1 in all the other species. The result using water as the solvent shows a similar trend in energy change, but to a greater extent. Therefore, our computations suggest a considerable influence of the solvation effects on the PES of such backbone-base system.
Conclusions
DFT calculations using a model with two thymines connected by a DNA backbone were carried out to investigate the triplet reaction pathway for DNA (6-4)TT lesion formation. While the previous work predicted a PES based on a simplified model system only containing two thymines, our results demonstrate some different features. Particularly our computation suggests an energy barrier of 15.8 kcal mol −1 for the proton transfer step on the triplet PES, whereas it was predicted as barrierless previously. This indicates the constraint caused by the backbone should have nonnegligible influence on the reaction pathway, especially the reaction steps involving considerable rotation of bases. Together with the profile of spin density distribution, which is mainly localized on the thymines, we believe the backbone should influence the reaction primarily through geometric effect instead of electronic effect. On the other hand, using a more sophisticated method (MECP) for the search of spin crossover point, we also find that the singlet-triplet interaction via ISC is crucial to the formation of the (6-4)TT photoproduct. The solvation effects were found to have considerable influence on the energy profile of the reaction. Finally, a possible reaction pathway for the rearrangement from (6-4)TT to DewarTT was explored, in which the absorption of a second photon was needed. Further study on the influence from the complementary strand (e.g., base pairing effect), which requires a larger model and thus is more challenging, is under way.
